Intracellular recordings were performed in the CA1 region of the rat hippocampus following an ipsilateral intraventricular injection of kainic acid. Seven days postlesion, graded bursts of up to four action potentials could be evoked by stimulation of the stratum radiatum. The evoked EPSPs underlying these bursts showed a prolonged 1 O-90% rise time and half-width compared to control EPSPs, an absence of a significant inhibitory phase, and an increase in magnitude and duration at depolarized resting levels. The evoked EPSPs also exhibited a significant decrease in amplitude and time course in response to D-APV (D-2-amino-5-phosphonovaleric acid; l-20 PM), though this effect was variable from cell to cell. The prolonged time course, voltage sensitivity, and response to a selective NMDA antagonist confirmed that the major component of the EPSP in neurons from lesioned slices was mediated by NMDA receptors. The partial denervation of the CA1 area induced by the kainic acid led to both an enhanced NMDA-mediated excitatory phase and a decrease in postsynaptic inhibition, resulting in the pronounced hyperexcitability noted in the lesioned slices.
The mechanisms underlying the abnormal excitability within an epileptic region of the cerebral cortex include an exaggerated input-output relationship, often with burst firing; a decrease in inhibition; and relative changes in the local circuits in the cortex (Schwartzkroin and Wyler, 1980) . The study of chronic animal models of epilepsy and human brain tissue slices (Lothman and Collins, 198 1; Pumain, 198 1; Wheal, 1982, 1984; Schwartzkroin et al., 1983; Schwartzkroin and Knowles, 1984; Ashwood et al., 1986; Ashwood and Wheal, 1987; Avoli and Olivier, 1987; Mody and Heinemann, 1987; Franck et al., 1988; Nakajima et al., 199 1; Sloviter, 1991) has revealed new physiological mechanisms underlying bursting activity that were not observed in in vitro models generated by acute convulsants, such as penicillin and bicucilline, which block inhibitory processes (Dingledine and Gjerstad, 1980; Johnston and Brown, 198 1; Wheal et al., 1984) . The chronic animal models and abnormal human tissue show less structured and more graded bursting activity than the acute convulsant models. Additionally, neurons in chronic foci exhibit less synchrony, and alterations in inhibition are more focal, often with changes in the local circuitry subserving inhibition (Schwartzkroin and Wyler, 1980; Sloviter, 1987, 199 1) . The consequences of denervation and the role of local circuitry changes have been less well characterized in these chronic models, which appear to resemble more closely the recordings from human epileptic cortex. Other models of epilepsy involving the hippocampus, such as the kindling (McNamara et al., 1985; Mody and Heinemann, 1987) and excitability models (Sloviter, 1987 (Sloviter, , 1991 also exhibit some of the pathological characteristics of the human condition (Schwartzkroin and Wyler, 1980) , but in response to electrical stimulation rather than a structural lesion. The kainic acid (KA) model produced by intracerebroventricular (ICV) injection in the rat has been evaluated by several laboratories (Nadler et al., 1980a,b; Wheal, 1982, 1984; Ashwood et al., 1986; Franck et al., 1988; Turner and Wheal, 1988; Wheal and Turner, 1988; Cornish and Wheal, 1989; Nakajima et al., 199 1; Simpson et al., 199 1) . This model has been previously shown to demonstrate many of the features found in the epileptic human cortex in vitro. These include denervation, loss of inhibition with partial preservation of inhibitory neurons, graded bursts of action potentials, gliosis, and decreased cell number in the focal area ofdamage (Wheal, 1989) . In previous extracellular and intracellular evaluations of this model, the graded burst structure observed on stratum radiatum stimulation has been found to be partially sensitive to selective NMDA antagonists (Ashwood and Wheal, 1987) , in contrast to the structured bursts observed following acute blockade inhibition with GABA antagonists such as bicucilline, which exhibit minimal sensitivity to such NMDA antagonists . Thus, even in the disinhibited condition (in the presence of bicucilline or penicillin), most of the evoked EPSP in CA1 pyramidal cells appears to remain based on non-NMDA receptor mechanisms, as defined by the use of selective NMDA [such as D-2-amino-5-phosphonovaleric acid (D-APV)] and non-NMDA antagonists [such as 6-cyano-7-dinitroquinoxaline-2,3-dione (CNQX); Andreasen et al., 19881 .
We have performed a more detailed investigation of the synaptic mechanisms underlying the bursting activity in neurons in vitro partially denervated with KA. A late EPSP component was revealed, often extending the excitatory phase of the evoked response to 40-50 msec from the stimulus. This late EPSP was sensitive to NMDA-receptor antagonists that are not normally effective in antagonizing the Schaffer collateral EPSP in CA1 pyramidal neurons (Koemer and Cotman, 1982; Collingridge et al., 1983; Coan and Collingridge, 1985; Herron et al., 1985; Hablitz and Langmoen, 1986; Andreasen et al., 1988) .
Preliminary observations have been published in abstract form (Turner and Wheal, 1988; Wheal and Turner, 1988) .
Materials and Methods

Experimentalpreparation.
Kainic acid lesions were performed on male Wistar rats (200 gm) according to the method of Lancaster and Wheal (1982) . This technique involved the stereotaxic injection of 0.5 pg of kainic acid into the posterior lateral ventricle over a period of 30 min, performed under barbiturate anesthesia (pentobarbital or Nembutal, 50 mg/kg, i.p.). Seven days after the lesion, the animals were reanesthetized with halothane, and both hippocampi were removed and sliced (400 pm). The dorsal slices from the hippocampus ipsilateral to the lesion were incubated in artificial cerebrospinal fluid (ACSF) for approximately 1 hr before recording and then placed in either a submerged or a subfused in vitro slice chamber. The ACSF was composed of (in mM) NaCl, 124; KCl, 3.25; NaH, PO, , 1.25; NaHCO, , 26; MgSO, , 2.0; CaCl, , 2.0; 10 .
Bipolar, twisted-wire stimulation electrodes were placed in the stratum radiatum (Fig. l) , and glass micropipettes (3 M K+ acetate; resistance, 60-90 Ma) were advanced into the stratum pyramidale of the middle CA1 area. Several parameters related to the general health of the CA1 pyramidal cells were intermittently measured throughout the penetration. These parameters included input resistance (R,), action potential amplitude, membrane resting potential, and time constant (7). The amplifier bridge was initially balanced extracellularly and then rebalanced when the penetration was stable. The input resistance values were calculated from the voltage responses to a series of 100-l 50 msec constant current pulses, injected through the recording electrode, in 0.05 nA steps between -0.5 nA and the current required to reach action potential threshold (Ashwood et al., 1986; Andersen et al., 1987; Turner, 1988 Turner, , 1990 . Similar-duration pulses were used to measure the membrane time constant, although these pulses were usually less than -0.2 nA in amplitude.
Stimuli in the form of 1040 Fsec pulses, 5-50 PA in magnitude, were delivered at 2 set intervals to the stratum radiatum of the CA1 area, evoking a composite EPSP in the CA1 pyramidal neuron (Fig. 1) . The evoked EPSPs were averaged and recorded on line in ensembles of 150-300 responses. Various manipulations were used to evaluate the EPSPs, including adjustment of the resting membrane potential with a constant hyperpolarizing current, varying the intensity of the synaptic stimulus, and applying an excitatory amino acid receptor (NMDA) antagonist. The NMDA-receptor antagonist D-2-amino-5-phosphonovaleric acid (D-APV, Tocris) was delivered into the bath at concentrations of 1 .O-20 PM in ACSF. This solution was usually applied to the bath for a period of approximately 1 O-20 min before being washed out with control ACSF.
Data analysis. All data were digitized on line using a high-resolution (k 15 bits) laboratory computer system, at a digitizing rate of either 10 or 20 KHz (Turner and Schlieckert, 1990) . These data were stored on either digital tape or optical disk and analyzed using a series of programs for evaluation of intracellular neurophysiological data. The neuron parameters included calculation of input resistance from the slope of the steady-state response to step pulses and determination of the neuron time constant using an exponential regression of the charging or decay portions of the transient.
The evoked synaptic ensembles were analyzed by calculation of an artifact-free average, the time course of the standard deviation (time SD), and histograms of the voltage amplitude of each individual trace, evaluated at the fixed time point of the peak of the mean of the EPSP, similar to reports by Turner (1988) and Sayer et al. (1989 Sayer et al. ( , 1990 . The waveform parameters were evaluated from the ensemble averages and normalized (for comparison between cells) by dividing by the neuron time constant. In order to evaluate the presence of any shunting inhibition, the time constant of the decay of the EPSP was also assessed, beginning at the peak of the potential. Parameters were compared with a Student's t test, for evaluation of differences between means. All values are expressed as mean * SD. The intracellular recording electrode in a CA1 pyramidal cell is shown, as is the possibility of a new synapse or collateral from the commissural fibers, which is termed reinnervation. The inputs onto the intemeurons may also be impaired, as well as the collaterals from the interneurons onto the pyramidal cells, shown with stippled markings. This indicates the hypothesis that, though the individual intemeurons may be intact, both the afferents onto the intemeurons and the interneuron collaterals themselves may be impaired and unable to participate in the normal dense feedforward and feedback circuitry of the CA1 region.
Results
Intracellular parameters
Neurons selected from KA-lesioned dorsal hippocampal slices (ipsilateral to the lesion) usually responded with a burst of two or more action potentials in response to stimulation at twicethreshold intensity. A minority of neurons in clearly lesioned slices (as evident by gliosis and a decreased CA1 pyramidal cell layer) exhibited only a single action potential to a suprathreshold stimulus. These neurons were very similar to those recorded from unlesioned slices and thus were not used for this analysis (Andersen et al., 1987; Ashwood and Wheal, 1987; Turner, 1988) . A total of 41 neurons fulfilled this bursting criteria as well as allowed a stable and healthy impalement for more than 20 min. The average resting potential for these neurons was 65.1 f 5.4 mV (at the termination of the impalement), the average neuron time constant was 10.3 f 2.8 msec, and the mean input resistance was 35.0 * 14.6 MO. The resting potential, input resistance, and time constant of the neurons were measured frequently during the impalement, including before, during, and after the perfusion of drugs. These neurons were extremely difficult to penetrate because of cell loss and gliosis; however, the cells were generally held for 45-60 min once penetrated.
Suprathreshold graded bursts Figure 2 shows a typical neuron response to stratum radiatum stimulation, with a progressively graded burst of action potentials to increasing levels of stimulation. At low levels of stimulation, the subthreshold EPSP often was much longer in duration than those recorded from unlesioned slices, as shown in Table 1 . The graded bursts closely resembled those recorded in human epileptic cortex (Schwartzkroin et al., 1983 ; Schwartz- Figure 2 . A series of responses to increasing stratum radiatum stimulation, showing the progressive recruitment of a graded burst of action potentials evoked by the EPSP. Up to four action potentials could be evoked in this neuron, demonstrating the abnormal hyperexcitability. The peaks of the action potentials were truncated to show the comparison to the subthreshold EPSP.
kroin and Knowles, 1984; Avoli and Olivier, 1987) . These graded bursts are significantly different from the structured bursts associated with acute loss of inhibitory drive, which also demonstrate an associated afterhyperpolarization (Dingledine and Gjerstad, 1980; Johnston and Brown, 198 1; Wheal et al., 1984) . The presence of multiple spikes also demonstrates the relative loss of inhibition in this typical cell, with neither an effective hyperpolarization nor a shunting effect apparent following the peak of the synaptic potential.
The order of analysis after achieving a stable impalement included assessing the range of synaptic potentials that could be evoked in the postsynaptic neuron, calculating an initial input resistance, and then evoking a series of synaptic potentials that bordered on threshold for spike generation. The latter were averaged on-line, and the amplitude of the stimulus intensity was adjusted as required to achieve this level of evoked response. After collecting an ensemble of synaptic stimulation data, the evoked EPSPs were analyzed during a range of stimulus intensities and membrane potentials before being returned to control levels.
Characteristics of subthreshold EPSPs
A series of subthreshold responses to stratum radiatum stimulation is shown in Figure 3 . Figure 3A demonstrates a highly (7) 3.01 * 1.03* 1.00 + 0.53
The EPSP data from lesioned cells represent a subset of the present data, following stratum radiatum stimulation. The control values are from a normal CA1 population in rats, studied with similar techniques. Both groups represent responses that are less than 2.5 mV in peak amplitude. The waveform parameters were normalized by the somatic time constant for each cell. The means were compared with a two-way Student's t test, and the resulting probability is indicated (*p < 0.00 1).
variable EPSP morphology between individual responses, with several traces showing an extended depolarization, extending to greater than 100 msec after the stimulus artifact, as seen in traces 2 and 4 (from the top). There was also one possible failure of response (trace l), which is unusual for this amplitude of EPSP. The lo-90% rise time (14.3 msec) and half-width (70.8 msec) of this ensemble were significantly prolonged compared to previous reports of EPSPs in CA1 pyramidal cells (Andersen et al., 1987; Turner, 1988; Sayer et al., 1989 Sayer et al., , 1990 . For comparison to the data from lesioned slices, a control series of small EPSPs (D. A. Turner, unpublished observations) was selected from potentials evoked in response to selective stratum radiatum microstimulation in rat hippocampal slices; a subset of these EPSPs (also less than 2.5 mV peak amplitude) is shown in Table  1 . The waveform values for the EPSPs in CA 1 pyramidal neurons from lesioned slices showed a significant prolongation in comparison to the parameters from the control EPSPs (Andersen et al., 1987; Turner, 1990) . The control EPSP values (also shown in Fig. 4 ) were similar to previously published waveform parameter values for stratum radiatum EPSPs in CA1 pyramidal cells (Andersen et al., 1987; Turner, 1988; Sayer et al., 1990) .
The log decay trace in Figure 3B shows the decay of potential after the peak of the response, which is linear and possesses a longer time constant than the neuron time constant (decay T = 53.8 msec vs. neuron 7 = 13.9 msec). This finding of a longer decay 7 suggests that very little postsynaptic inhibition is present, either of the shunting or of the hyperpolarizing type (Turner, 1990) , and that the excitatory drive is extremely prolonged. The individual EPSP responses occasionally showed a fractionation into components, with short, faster-rising events intermixed with longer, slower components. This fluctuation between EPSPs with different time components suggests the intermittent presence of two different types of postsynaptic potentials (Dale and Roberts, 1985) . The delineation between an early response and the late response was also similar to intermixed fast and slow EPSP responses in neurons from the spinal cord (Mayer and Westbrook, 1987) and neocortex (Thomson et al., 1988) . The histogram in Figure 3C shows the variability of the signal in comparison to the background noise, with some overlap of the two histograms, suggesting the occurrence of failures.
Waveform parameter comparison A shape-index plot of the evoked EPSPs from lesioned and control slices is shown in Figure 4 . The potentials from the lesioned slices clustered to the right and above the control data, with significantly longer rise times and half-widths on average than small stratum radiatum EPSPs in rat CA 1 pyramidal cells (Table 1; Andersen et al., 1987; Turner, 1988; Sayer et al., 1989 Sayer et al., , 1990 . Since many of the observed IL4 EPSP values fell outside of the most distal rise time and half-width values, this may indicate either a different time course of the late EPSP at the dendritic origin of the potential or alterations in the electrotonic dendritic structure of denervated neurons (Turner, 1988) .
Voltage and D-APV sensitivity of EPSPs
The voltage sensitivity of the evoked EPSP was assessed by applying a constant hyperpolarizing current to the neuron. Figure 5 shows one EPSP ensemble at three different resting membrane potentials (-60, -70, and -80 mV) , both during 20 PM D-APV and after recovery, recorded from a surface slice. The waveform parameters of the EPSPs demonstrated a pronounced difference before and after the D-APV, particularly in the halfwidth: at -60 mV in D-APV, the rise time was 5.3 msec and the half-width was 19.4 msec, while at -60 mV, during the recovery the rise time increased to 6.4 msec and the half-width lengthened to 33.8 msec. There was also a pronounced effect of the resting membrane potential, with shorter responses at hypet-polarized levels, particularly after the recovery from the D-APV. The EPSP waveform values at the hyperpolarized levels and during the D-APV were similar to the parameters of control EPSPs recorded in the CA1 region (Table 1; Turner, 1988,199O) . The subtraction traces shown in Figure 5B demonstrate directly the effect of D-APV in this neuron, with the return of a long, late EPSP component during recovery from the D-APV. Thus, the phase of the EPSP that is sensitive to a selective NMDA antagonist appears to correspond in time course to the late EPSP component shown in Figure 3A . Figure 5D graphs the changes responses following stratum radiatum stimulation is shown. The magnitudes of these responses vary from less than 1 mV to greater than 5 mV, and the time course is also highly variable. Note also the lack of any hyperpolarizing components and the occasional absence ofa response (top truce). B, These traces show the mean, the log decay from the oeak of the EPSP. and the time course bfthe standard deviation (time SD). The time constant of the decay from the peak was significantly longer than that observed from the decay response to a direct current transient (53.8 msec/vs. 13.9 msec). The waveform parameters of the mean showed a 1 O-90% rise time of 14.3 msec and a half-width of 70.8 msec. C, The histogram shows the prestimulus fluctuations in the baseline, attributable to both synaptic noise and electrode noise, and the peak of the signal for each trial of the ensemble. The bin size in the histogram is 0.26 mV, which is one-half of the noise SD. The signal peak amplitude was 1.72 t 1.22 mV, compared to the noise amplitude of -0.09 + 0.52 mV.
observed in this cell, both during and after the D-APV and also as a function of resting membrane potential. The main effect of both perturbations was a change in the half-width, which was prolonged at depolarizing resting potentials and in the recovery conditions. D-APV on the EPSP, recorded from a submerged slice. In this example, with the same dose of D-APV as in Figure 5 , there was only a minimal residual EPSP component remaining in the D-APV, with essentially complete recovery of the EPSP in the return to control conditions. The EPSP average shown in Figure  6 had a peak amplitude of 11 .O mV, a rise time of 5.1 msec, and a half-width of 35.1 msec (n = 150 responses). Below the mean and time SD are shown the histograms of the background noise and the evoked EPSP signal, demonstrating excellent separation of the EPSP values from the noise. Figure 6B shows the response after 10 min in 20 PM D-APV, with a near-complete block of the EPSP by the antagonist, to a residual peak amplitude of only 0.1 mV, a rise time of 2.4 msec, and a half-width of 8.2 (7) 0.50 + 0.16 0.32 k 0.17* 0.51 z!z 0.22 Half-width (msec) 24.1 f 10.6 13.0 f 5.13** 26.9 f 17.0 Half-width (7) 2.07 k 0. msec. Figure 6C shows the recovery of the EPSP 20 min later, in response to the same orthodromic stimulus. The histograms below the traces also show excellent recovery of the histogram shape demonstrated in the control situation. The recovery mean exhibited a peak amplitude of 11.5 mV, a rise time of 4.3 msec, and a half-width of 27.7 msec, all values similar to the original EPSP.
A total of 13 cells demonstrated recovery from the effects of the antagonist, at doses ranging from 1 PM to 20 PM in the ACSF. An additional three cells showed a similar response but either did not recover following the D-APV or were impaled during the D-APV infusion and thus were not included in the analysis (including the response shown in Fig. 5 ). At these concentrations, no consistent effects of D-APV were seen on either the input resistance or the membrane time constant of the cells. The results were also split into two groups of dosages: less than 10 PM and greater than or equal to 10 PM. The results were quantitatively similar to that shown in Table 2 for these two dosage ranges (not shown). Table 2 shows the overall results for neurons that exhibited recovery of the EPSP, though the effect in some cases was not as complete as that demonstrated in Figure 6 . The average blockade of the evoked EPSP was to a level approximately 17% (range, l-25%) of that of the control value, and both the lo-90% rise time and half-width were substantially reduced. Some EPSP ensembles appeared to be completely composed of NMDA-mediated events, whereas others exhibited only a partial non-NMDA contribution, as shown in Figure 5 . This cell-to-cell heterogeneity was also noted with the The Journal of Neuroscience, September 1991, f7 (9) non-NMDA antagonist CNQX in a recent preliminary report on similar neurons (Simpson et al., 1991) , indicating that the non-NMDA aspect of the EPSP remains sensitive to CNQX but that there also may be a variable ratio of the receptor subtypes. The sensitivity to NMDA antagonists is markedly different than observed in either unlesioned slices or following acute blockade of inhibition (Koemer and Cotman, 1982; Collingridge et al., 1983; Wheal et al., 1984; Coan and Collingridge, 1985; Herron et al., 1985; Hablitz and Langmoen, 1986; Andreasen et al., 1988) .
Discussion
Characteristics of EPSPs following the KA denervation The prolonged time course, voltage sensitivity, and response to low doses of a selective NMDA antagonist all suggest that the evoked EPSPs recorded from many surviving CA1 pyramidal cells in, the KA-lesioned hippocampus are predominantly mediated by NMDA receptors (Herron et al., 1985; Dingledine et al., 1986; Hablitz and Langmoen, 1986; Andreasen et al., 1988; Forsythe and Westbrook, 1988; Thomson et al., 1988) . The waveform parameters, when compared to the control EPSP values recorded from unlesioned slices, showed a consistent prolongation over the normal values. The time course of the voltage-sensitive component of the EPSP was also similar to that measured in unlesioned hippocampal preparations in which the EPSPs were evoked in media containing no extracellular Mg*+, to allow full expression of the NMDA responses (Coan and Collingridge, 1985) . Likewise, the graded bursts recorded from the lesioned slices ( Fig. 2; Franck et al., 1988) were significantly different from the structured bursts associated with acute loss of postsynaptic inhibition (Dingledine and Gjerstad, 1980; Wheal et al., 1984) , suggesting that more features are present than the loss of the inhibitory drive alone. Thus, the present findings are not compatible with the loss of inhibitory drive as the sole mechanism leading to hyperexcitability, and changes in the predominant receptor mechanisms underlying the EPSP (non-NMDA and NMDA) appear to have a significant role in the hyperexcitability. The time course of the alteration in glutamate-receptor expression with the denervation is not fully known, particularly in the first few days after the denervation and after several weeks. Thus, the present findings may be a phase in response to the denervation, and some degree of recovery may occur over several weeks (Cavalheiro et al., 1982) , as suggested by anatomical studies of denervation and plasticity (Nadler et al., 1980a,b, Cotman and Neito-Sampedro, 1984; Phelps et al., 199 1) . Though paired-pulse facilitation (as a result of failure of early pairedpulse inhibition) continued in vivo for weeks after a KA lesion (Cornish and Wheal, 1989) other groups studying the KA model have suggested an eventual partial recovery from the hyperexcitability associated with the KA lesion (Franck et al., 1988) .
Following the loss of the CA3 pyramidal cells and their Schaffer collaterals (schematically shown in Fig. l) , deafferentation and reactive synaptogenesis occur on the CA 1 dendrites (Nadler et al., 1980a,b; Phelps et al., 1991; Wheal, 1990) . In response to degenerating terminals (as the destroyed afferents die back), there are probably associated changes in the morphology of the dendrites and dendritic spines, as shown previously with bilateral KA lesions (Nadler et al., 1980a,b) and perforant path lesions (Cotman and Neito-Sampedro, 1984) . These morphological changes may be associated with an altered physiological response. At some point in the evolution of the denervation, the formation of new synapses on modified spines or on the shafts of the dendrites is likely to occur; these new synapses might incorporate a different ratio of non-NMDA to NMDA receptors than is present normally. The recovery of the lesion might therefore depend upon both the maturation of the receptors at the excitatory synapses to a non-NMDA type (possibly accompanied by spine restoration) as well as the partial reconstitution of inhibitory circuitry.
Candidate afferents involved in the reinnervation of the CA 1 synapses include commissural and alvear pathways; however, there is also indirect evidence in favor of CAl-CA1 recurrent excitatory terminals, which may be enhanced after the denervation (Christian and Dudek, 1988 ) though a recent pairedrecording study in the KA-lesioned CA1 region did not find such recurrent excitatory collaterals (Nakajima et al., 1991) . EPSPs recorded from CA3 pyramidal cells following recurrent activation were found to be both slow and voltage sensitive (Miles and Wong, 1986) . Furthermore, preliminary investigations of EPSPs evoked by activation of local excitatory connections between CA1 neurons suggest that they are mediated in part by NMDA receptors (Radpour and Thomson, 199 1) . Thus, one possibility is that recurrent excitatory connections usually exist in the CA1 hippocampal field, but are normally suppressed by the dense feedforward inhibition (Turner, 1990) . Under suitable conditions, such as the partial denervation and loss of inhibition after the KA lesion, recurrent excitatory collaterals may be expressed more favorably than other existing afferents, leading to the prolonged EPSPs noted in the present report. However, there is no direct evidence as yet for this possibility in the CA1 region (Nakajima et al., 199 1) .
Alterations in electrotonic integration
The prolonged EPSP clearly resulted in increased overall excitation, with the development of the graded burst response as shown in Figure 3 at only moderate levels of stimulation. This powerful excitatory drive, in concert with the loss of postsynaptic inhibition (Ashwood et al., 1986; Franck et al., 1988; Cornish and Wheal, 1989; Wheal, 1989) suggests a marked switch in the overall input-output relationship for the CA1 neuron toward hyperexcitability. One might also suggest that the loss of the Schaffer collaterals removes the excitatory drive to the interneurons that are responsible for feedforward inhibition in the CA 1 area (Turner, 1990) . This would result in the loss of both the early GABA, chloride-mediated IPSP as well as the late GABA,-K+-mediated hyperpolarization (Ashwood et al., 1986) . In functional terms, the early shunting inhibition is thought to control the somatic conductance and thus the output of the cell, while the late dendritic K+ hyperpolarizing response would regulate the level of synaptic excitation in the dendrites (Wheal, 1989) . Thus, the loss ofthe latter K+-mediated hyperpolarizing response may be sufficient to enable small synaptic depolarizations in the dendrites to summate and become more apparent at the soma. Loss of these and other K+ conductances may also contribute to the trend of increased neuron input resistance and decreased electrotonic length values after the KA lesion (Franck et al., 1988; Wheal, 1989) . However, further studies on the dendritic location of synapses and the electrotonic length of neurons in lesioned slices will be required before the functional aspects involved with integration of the excitatory and inhibitory synapses can be resolved in the CA1 pyramidal cell.
Relevance to human epilepsy and other animal models
The KA lesion has been suggested to exhibit many of the characteristics of the human temporal lobe epileptic lesion, including neuron damage and loss, relative preservation of inhibitory neurons without demonstrable postsynaptic inhibition, and the presence of graded bursts (Nadler et al., 1980a,b; Lothman and Collins, 1981; Cavalheiro et al., 1982; Schwartzkroin and Knowles, 1984; Dichter and Ayala, 1987; Franck et al., 1988; Wheal, 1989) . The present data indicate that the sensitivity of the graded bursts to NMDA antagonists may also be another similarity (Avoli and Olivier, 1987) . These findings imply that both abnormalities within single neurons (such as changes in the expression of membrane channels) as well as local circuit alterations may contribute to the hyperexcitability of cells, consistent with previous hypotheses concerning mechanisms underlying epileptiform abnormalities (Schwartzkroin and Wyler, 1980; Dichter and Ayala, 1987) .
The current dose of KA (0.5 pg) is a moderate dose in terms of leading to epileptic phenomena (Nadler et al., 1980a,b; Cavalheiro et al., 1982; Lancaster and Wheal, 1982) , and the comparison to human epileptic foci may be a matter of severity and degree of hippocampal damage. At this moderate dose, some recovery from the effects of the CA3 lesion and denervation appears to occur; the behavioral effects over time as a function of dose likewise ameliorate, in terms of electrographic and clinical seizure occurrence. Similar recovery has also been reported in other chronic models of epilepsy, including the tetanus toxin model (Jeffreys, 1989) . In many cases of posttraumatic human epilepsy, the incidence and frequency of seizures likewise decrease with time after an insult, indicating that recovery in the CNS is likely to occur. However, in many hippocampal foci in humans, seizure production appears to be stable as a function of time. Thus, while the use of the KA model has enabled us to unravel several of the major mechanisms that underlie epileptiform activity present in human epileptic foci, further studies are required on the processes that may inlluence or control the time course of recovery. For example, what influence might the reciprocal synaptic connections with the entorhinal cortex or septum have on epileptiform activity in the abnormal hippocampus?
In conclusion, we have recorded voltage-sensitive EPSPs from partially denervated CA1 hippocampal pyramidal cells, in the presence of normal levels of Mg*+ (2 mM). These evoked potentials were selectively antagonized by D-APV, further suggesting that they were mediated by the activation of NMDA receptors. The EPSPs had a slower time course than control EPSPs recorded from similar cells in unlesioned slices. It is not yet understood how this change in receptor type may be brought about; however, we are investigating the possibility that it may be a result of synaptogenesis following the partial denervation of the CA1 pyramidal cells.
